Abstract Clinically, a large number of patients have persistent low back pain attributable to intervertebral disc (IVD) degeneration. After the concept of biologically regenerating the degenerated IVD using growth factor injection was first proposed in early 1990, the advancement of molecular technology to produce recombinant proteins, including growth factors, on an industrial scale accelerated research in this field. The purpose of this review is to summarize the most recent findings of the in vitro and in vivo effects of growth factors on the IVD and, further, to discuss the limitations of growth factor therapy and its clinical implications. In vitro data showed that stimulation of matrix synthesis by growth factors alters the balance of homeostasis by shifting cellular metabolism to the anabolic state. In vivo data using small animals has shown the possibility of using growth factors as a ''structural modifying therapy''. Based on in vitro and in vivo data previously reported, the clinical application of growth factors by direct injection of protein into the nucleus pulposus or anulus fibrosus was shown to be feasible as a new therapeutic intervention for treatment of disc degeneration. Stimulation of the biological repair process will create a new category of therapy to treat disc degeneration, where no active treatment currently exists, between conservative therapies and more aggressive therapies such as fusion or disc replacement. However, it should be noted that there are several important factors to be taken into consideration. In a relatively advanced degenerative condition, the supply of nutrients is disturbed and stimulation of cellular activity by growth factors may result in an increased demand for nutrients, eventually inducing an adverse event. Further investigations of the optimal environment for growth factor stimulation should be pursued. Growth factor therapy, which has experimental evidence supporting it to be a ''structuralIntroduction Low back pain is responsible for enormous human suffering, high health care costs, and significant socioeconomic losses, including days lost from work. Statistics on the impact of low back pain on the individual and society are voluminous [7] . Back conditions result in significant restrictions on activity and are the most common cause of activity limitation in people younger than 45 years, especially in men. Approximately 1% of the US population is chronically disabled because of back pain and an additional one percent is temporarily disabled [67] . Significantly, eight in ten adults will, at sometime in their lives, have back pain that impairs activity [7] . Furthermore, as a result of the increased number of elderly citizens, the burden from low back pain on the individual and on society as a whole is expected to increase dramatically [43] . The current treatment approach for back pain includes conservative approaches (e.g., medication, steroid injection, and physical therapy) that all aim at an amelioration of symptoms such as pain. While the role of the intervertebral disc (IVD) as a primary generator of back pain remains controversial, the main target of many current therapeutic methods for back pain is the degenerated IVD. These treatment methods for disc degeneration have been limited to only a few courses of action, the most common of these being spinal surgery; however, none of them aim at the restoration of the structural integrity of the disc.
Degenerative disc diseases
Although the exact pathogenesis remains unknown, degenerative disc disease is characterized as a pathological condition, associated with genetic background, which is induced mechanically and mediated biologically, often concurrent with age-related changes.
Recent genetic studies, particularly the identical twin studies of Finland [9] , have supported the contention that IVD degeneration is a consequence of multiple intrinsic and extrinsic factors. This report concluded that identical twins have similarities in degenerative findings in their discs and suggested that genetic factors might play an important role in inducing disc degeneration [9] . Other data, obtained as a result of recent advances in genetic analysis technologies and molecular biology, have indicated that heredity plays a dominant role. Videman et al. first described that specific genes, vitamin D receptor alleles, were associated with disc degeneration [92] . Since that report, an association has been demonstrated between disc degeneration or disc herniation with polymorphisms in the genes encoding collagen type I [85] , collagen type IX [8, 74] , aggrecan [33] , matrix metalloprotease-3 (MMP-3) [81] , interleukin-1b (IL-1b) [73] , interleukin-6 (IL-6) [60] , and cartilage intermediate layer protein [71] .
Biologically, disc cells residing in both the anulus fibrosus (AF) and nucleus pulposus (NP) actively regulate the homeostasis of IVD tissues by maintaining a balance between anabolism and catabolism [46] . The modulation of disc cell metabolism involves a variety of molecules, such as cytokines, enzymes, enzyme inhibitors, and growth factors that act in a paracrine and/or autocrine fashion [46] . The anabolic regulators include polypeptide growth factors and small molecules, such as insulin-like growth factor (IGF), transforming growth factor-b (TGF-b), the bone morphogenetic proteins (BMPs) [66, 84] , and the synthetic peptide of link protein [53] . The catabolic process is mediated by various enzymes, such as MMPs [17, 30, 31, 42, 80] and aggrecanases [78] which are both thought to be regulated by pro-inflammatory cytokines [32] . Several investigators, using disc culture systems and disc tissue extracts from surgical samples, have reported the presence of proteolytic enzymes, such as collagenase-1 (MMP-1) and stromelysin-1 (MMP-3) [18, 21, 42, 48, 56, 58, 98] , as well as members of a disintegrin-like and metalloprotease with thrombospondin motifs (ADAMTS) family [37, 68] in degenerated human IVDs. In an animal model of disc degeneration, similar changes in mRNA and protein levels of these molecules were also observed [6, 72] . A more recent study suggested that pro-inflammatory cytokines, such as IL-1 or tumor necrosis factor-a (TNF-a), are expressed by human IVD cells [38] and animal degenerated IVDs [2, 11, 27, 65, 97] . Thus, these pro-inflammatory cytokines and proteases may be candidates for the causation of IVD degradation. Alterations in both anabolic and catabolic processes are thought to play key roles in the onset and progression of IVD degeneration, but the biochemical processes that regulate these changes are poorly understood.
Biological approaches for the restoration of disc structural integrity or prevention of disc degeneration As described above, degenerative disc disease is associated with a complex milieu of intrinsic and extrinsic factors. The anabolic response of IVD cells is an important control mechanism for maintaining matrix homeostasis [46, 47, 82] . One strategy to retard the progression of disc degeneration and to ameliorate the loss of disc structural integrity is to shift the metabolic status from catabolic to actively anabolic by stimulating cells residing in the IVD with growth factors.
Before growth factors can be applied clinically to treat degenerative disc disease, a detailed analysis of their mode of action should be performed. Human IVD cells may react to stimulation by a growth factor in a way that is different from the response of animal cells; this may be especially important in the dose used. Cells found in a disc with an advanced stage of degeneration may not respond to growth factor stimulation. After confirming the effects of growth factors on IVD matrix metabolism, several factors such as indication, mode of delivery, dose, duration, and side effects, all of which affect therapeutic outcome, should be taken into consideration in order to achieve the greatest therapeutic effect. When the clinical use of a growth factor is contemplated, some of these questions can be addressed by carefully performing in vitro and in vivo animal model studies using a validated methodology.
In vitro evidence for the feasibility of growth factor application Growth factors play an important role in the development of the spine. Interestingly, several growth factors have been found in normal and degenerated IVD tissues; this suggests that IVD cells are capable of expressing and producing growth factors. These include IGF-1 [66, 75] , basic fibroblast growth factor (bFGF) [14, 51, 54, 88] , BMP-2 [79] , BMP-4 [55, 79] , growth differentiation factor-5 (GDF-5) [55] , plateletderived growth factor (PDGF) [90] , and TGF-b1-3 [35, 50, 63, 69, 75, 89] . A recent study in human degenerated IVDs showed the expression of TGF-b1 and -b2 as well as bFGF [87] . TGF-b receptor II (TGF-bRII), BMPRII, and FGF receptor 3 were also found to a similar extent in both human normal and diseased tissues [39] . Nerlich et al. have reported that TGF-b1 was expressed by nuclear and occasional anular cells spatially associated with fibronectin-synthesizing cells [57] .
There is compelling evidence for the feasibility of utilizing growth factors to upregulate matrix metabolism. In general, several investigators have shown in different culture systems that cell proliferation or matrix metabolism has been upregulated when growth factors are added exogenously to tissue or cell cultures.
In 1991, Thompson et al. first described the positive effects of various growth factors, including TGF-b, epidermal growth factor (EGF), and bFGF, on proteoglycan (PG) synthesis by IVD cells, especially in NP cells [84] . Osada et al. have reported that IGF-1 stimulated PG synthesis by bovine NP cells in serum-free conditions in a dose-dependent manner [66] .
Yoon et al. have shown that recombinant human BMP-2 (10-1000 ng/ml) increased cell proliferation, PG synthesis, mRNA expression of collagen type II, aggrecan, SOX9, and osteocalcin in monolayer cultures of rat AF cells [86] . Li et al. also reported that BMP-2 significantly increased aggrecan, collagen type II, TGFb1, and BMP-7 mRNA expression and downregulated versican gene expression [40] .
Using rabbit IVD cells, we have also demonstrated that BMP-7, also known as osteogenic protein-1 (OP-1), strongly stimulated the production and formation of PG and collagen and slightly affected cell proliferation [47] . In both NP and AF cells, recombinant human OP-1 (rhOP-1) stimulated the synthesis and accumulation of PG and collagen in a dose-dependent manner (50-200 ng/ml) in the presence of 10% fetal bovine serum (FBS) (Fig. 1) . Data from previous cadaveric studies indicated that the capacity of NP and AF cells to synthesize PGs decreases with age [1] . In rabbit IVD ]-sulfate, were quantified. In both NP and AF cultures, significant, dose-dependent, increases in the rate of synthesis per lg DNA were observed after the addition of rhOP-1 to the medium (a). Newly synthesized collagens, formed during the last 16 h of culture in the presence of L- [2,3,4,5- cells, the responsiveness of IVD cells to IGF-1 and TGF-b has been shown to decrease with increasing age [62] . However, OP-1 significantly stimulated PG synthesis by all fetal, adult, and old bovine NP and AF cells [49] , suggesting that the IVD cells in older animals are very responsive to a growth factor, such as OP-1. To model the pathological state, we treated IVD cells cultured in alginate beads with IL-1 or chondroitinase ABC (C-ABC) to deplete or to damage the PG-rich matrices. After depletion of the extracellular matrix following exposure of IVD cells to IL-1, OP-1 was found to be effective in the replenishment of a matrix rich in PG and collagen [83] . A similar result with OP-1 was reported when the matrix was first depleted by in vitro chemonucleolysis using C-ABC [82] .
Growth and differentiation factor-5 (GDF-5), another member of the BMP family, was originally found to be a factor responsible for skeletal alterations in brachypodism mice [77] . Li et al. reported that GDF-5-deficient mice were associated with disc degeneration, characterized by a low T2-weighted signal intensity and loss of normal lamellar architecture of the AF and a shrunken, disorganized NP with a decreased PG content. They demonstrated that GDF-5 also stimulated aggrecan and collagen type II expression in mouse IVD cells [41] . Our study also indicated that rhGDF-5 enhanced cell proliferation and matrix synthesis and accumulation by both bovine NP and AF cells with a greater response by NP cells than by AF cells [12, 13] (Fig. 2) . The rate of collagen synthesis was also significantly higher in the rhGDF-5 groups (100 and 200 ng/ml) than in the control group at all time points in both cell types. Bottom: On days 7, 14, and 21, the PG content in alginate beads was measured. rhGDF-5, at both concentrations, stimulated PG accumulation in beads containing NP cells at all time points and in beads containing AF cells at the 14-and 21-day time points Platelet-rich plasma (PRP) is a plasma fraction containing multiple growth factors concentrated at high levels [15, 36, 61, 96] that can be produced by centrifugal separation of whole blood in the operating room. Recently, it has been found that PRP is an effective stimulator of cell proliferation and PG and collagen synthesis, as well as PG accumulation, by porcine NP and AF cells cultured in alginate beads [3] (Fig. 3) .
In human cells, Gruber et al. first showed that TGFb stimulated cell proliferation of human anulus cells after four days of exposure in three-dimensional culture [23] . They also reported that IGF-1 and PDGF significantly reduced the percentage of apoptotic AF cells induced by serum depletion in culture [26] .
Wehling showed that the combination of autologous IL-1 receptor antagonist (IL-1ra)/IGF-1/PDGF proteins reduced the percentage of apoptosis and the production of biochemical markers of disc degeneration, such as IL-1 and IL-6 [94] . These results suggested the feasibility for the use of an autologous protein mixture, containing IL-1ra/IGF-1/PDGF, for the treatment of degenerative disc disease [94] .
Kim et al. reported that BMP-2 facilitates the expression of the chondrogenic phenotype by human IVD cells [34] . rhBMP-2 increased PG synthesis and upregulated the expression of aggrecan, collagen type I, and collagen type II mRNA, compared to untreated control levels.
Imai et al. reported that OP-1 (100-200 ng/ml) enhanced the in vitro production of PGs by human NP and AF cells cultured in alginate beads in the presence of 10% FBS [29] . OP-1 also enhanced the accumulation of PGs in the matrix. Interestingly, AF cells, which are more fibrochondrocytic, strongly responded to OP-1, suggesting that OP-1 might be beneficial not only for nucleus repair but for anular repair as well [29] .
We have also shown that OP-1 treatment increased DNA content, PG synthesis and accumulation, and collagen synthesis in both early and advanced stages of IVD degeneration, but to a greater extent in early stages of disc degeneration [52] . These studies suggested that the application of growth factors may be suitable in the early rather than in the late stages of IVD degeneration.
In vivo evidence for the feasibility of growth factor application
The first study of growth factor injection into the IVD was reported by Walsh et al. in the mouse caudal disc degeneration model induced by static compression [93] . A single injection of GDF-5, but not that of IGF-1, TGF-b, or bFGF, was effective in promoting disc regeneration. Multiple injections (four injections, one per week) of TGF-b showed a stimulatory effect, although multiple injections of IGF-1, GDF-5, and bFGF did not show a significant enhancement of their original effect [93] . The authors suggested that a sustained delivery system or a combined approach with a mechanical or cell-based device was required to achieve a beneficial therapeutic effect.
We have performed an in vivo experiment using the normal rabbit IVD and a single injection of OP-1 (2 lg per disc) to test the feasibility for the therapeutic use of OP-1 in the treatment of degenerative disc disease [4] . A single intradiscal administration of OP-1 in vivo resulted in increased disc height (15%) and PG content of the NP [4] .
Using a defined-gauge needle puncture of the AF [44] , we then conducted a study of radiographic and magnetic resonance imaging (MRI) changes in the rabbit IVD after injection of OP-1 into the NP in the anular-puncture disc degeneration model. Disc degeneration was induced by anular puncture in two noncontiguous discs with an 18G needle. Four weeks later, either 5% lactose (10 ll) or OP-1 (100 lg in 10 ll 5% lactose) was injected into the center of the NP. Six weeks after the OP-1 injection, a restoration of disc height and an increase of signal intensity of NP in T2-MRI were observed and sustained for the entire experimental period, up to 24 weeks (Fig. 4) [45] . Biochemically, the PG content of the NP and AF was significantly higher in the OP-1-injected group than in the control (lactose-injected) group. Histologically, the degeneration grades of the punctured discs in the OP-1-injected group were significantly lower than those of the lactose-injected group. The results of this study demonstrate the feasibility of restoring degenerative rabbit discs by a single injection of OP-1 into the NP. It was noteworthy that the restoration of disc height, which began at 6 weeks, was sustained for up to 24 weeks. In the C-ABC-induced matrix depletion model of disc degeneration in the rabbit, 4 weeks following the injection of C-ABC, an injection of OP-1 (100 lg/disc) restored disc height by 6 weeks that was maintained for up to 12 weeks after the OP-1 injection [28] . These data suggest that OP-1 may be utilized in patients with disc degeneration who had received chemonucleolysis in the past that resulted in some loss of disc height.
The results of an injection of rhGDF-5 in the rabbit anular-puncture model also confirmed the efficacy of growth factor injection. The discs were punctured by an 18G needle as described in the OP-1 experiment.
Four weeks later, the rabbits received an injection of phosphate buffered saline (PBS) or rhGDF-5 (10 ng, 1, and 100 lg) and were followed up for 16 weeks for disc height (Fig. 5) , MRI, and histological grades. The injection of rhGDF-5 resulted in a restoration of disc height and improvements in MRI and histological grading scores with statistical significance (P < 0.05-0.001) [12, 13] .
In the three different in vivo experiments mentioned above, we have seen delayed responses in the recovery of disc height by IVD cells in vivo after an injection of growth factors. The mechanism of this phenomenon remains to be determined; however, we postulate the following: First, the half life of the injected growth factor may be longer than we expected. Second, the response of cells to a single exposure of growth factor may continue over a long period of time. Third, the stimulation by growth factor may induce a cascade of events, eventually resulting in the recovery of disc height.
The in vitro and in vivo evidence described above supports the contention that the direct injection of growth factors into the NP or the AF may be clinically effective as a new therapeutic intervention for treatment of IVD degeneration. The acceleration of the biological repair process by the stimulation of the cellular anabolic capacity will create a new category of therapy, where no active treatment currently exists, between conservative therapies and more aggressive therapies such as fusion or disc replacement. By 4 weeks after the OP-1 injection, the mean %DHI of injected discs in the OP-1 group was significantly higher than that in the lactose control group (P < 0.001, repeated ANOVA). This significant difference in mean %DHI was maintained during the follow-up period (P < 0.001) . By 4 weeks after the rhGDF-5 injection, the mean %DHI of injected discs in the rhGDF-5 group (100 lg) was significantly higher than in the PBS group (P < 0.05). Six weeks after the injection of rhGDF-5, the %DHI was significantly higher, at doses of 1 and 100 lg, in the rhGDF-5 group when compared to the PBS group (control versus rhGDF-5 1 and 100 lg; P < 0.01). The effect of a single injection of rhGDF-5 continued to be significant throughout the study
Limitations of growth factor injection therapy
When the biology of the IVD is taken into account, several important limitations should be contemplated in the development of growth factor therapy.
The injected growth factor does not by itself induce an immediate structural and biomechanical alteration in the disc; cells residing in the disc need to be able to respond to the applied growth factor in order for there to be a biological effect. It is well known that the cell number is decreased in discs in an advanced stage of degeneration [24] . To overcome this deficit, the transplantation of healthy functional cells, such as, but not limited to, autologous NP cells, may be required [19, 25, 59, 64] . In addition, cells transfected with a therapeutic gene may be utilized to obtain both a supplementation of cells and the gene therapeutic effect [95] .
Nutrition is another crucial factor in the pathogenesis of disc disease [91] . The IVD is the largest avascular tissue in the body; it receives its main supply of nutrients by diffusion from the vertebral bodies through the endplates. Thus, an adequate transport of glucose to the cells and appropriate removal of metabolic wastes, such as lactic acid, are essential for cell survival. In pathologic tissues, the supply of nutrients may be disturbed by sclerosis of the endplate. An IVD that lacks proper nutrition or one that cannot remove metabolic wastes might experience an adverse environment, i.e., acidic conditions, and might degenerate significantly because of the loss of steady-state metabolism of its cells. The increased demand for energy resulting from the stimulation by growth factors or by cell supplementation may affect cell viability under those conditions where nutrient transport is compromised. Further investigations of the optimal environment for growth factor stimulation should be pursued. The effect of growth factors under conditions where levels of nutrition are compromised is an area especially warranting further investigation.
Because of the emerging trend to treat disc degeneration in adults or older individuals by the local injection of growth factors, age-related and degeneration stage-related changes in the response to growth factors are of special interest for future studies [5] .
Future clinical indications for the use of growth factor injection therapy and potential side effects Clinically, a large number of patients have persistent low back pain due to IVD degeneration. Discogenic low back pain is frequently associated with twisting and bending injuries. The axial lumbar pain is often referred to the buttock and posterior thigh, typically worse with sitting and forward-bending activities. The majority of patients respond to rest, activity modification, anti-inflammatory medications, and physical therapy, but some patients have symptoms persisting for many months that require invasive treatment. Currently, the gold-standard surgical treatment is lumbar spinal fusion, but alternatives such as artificial discs and intradiscal electrothermal therapy (IDET) are available. Discography is usually recommended to confirm that suspicious degenerated discs detected by MRI are painful prior to any invasive treatment. For degenerated discs with a mild loss of disc height, IDET may be a minimally invasive treatment option [16] . For nearly completely collapsed discs, it is technically difficult to insert the IDET catheter into the disc space and the outcome is generally inferior. For moderately degenerated discs with healthy facet joints, an artificial disc [10, 20] or other motion preservation treatment may be a reasonable option [22, 70, 76] . For severely degenerated discs with compromised facets and stability of the motion segment, fusion is the only option.
Because selection from the currently available surgical treatments depends on the severity of degeneration of the IVD and the motion segment, it is logical that the effectiveness of biological treatments would be affected by the different stages of IVD degeneration. Biological treatments for IVD degeneration probably will not work for severely degenerated IVDs with significant biomechanical changes of the motion segment, unless they are combined with additional treatments, such as posterior motion preservation procedures. For early to moderately degenerated IVDs, growth factor injection therapy has the potential to replenish the matrix, restore disc height, and possibly relieve the patient's discogenic low back pain. Perhaps the injection of growth factor could be done at the timing of discography for patient convenience. Obviously, clinical studies are needed in the future to assess efficacy and safety. Also, future studies of growth factor injection will help define specific indications and potential complications.
Because recombinant growth factors and BMPs have been thoroughly tested in humans for bone formation, their safety profile is well known. However, for spinal injection, where there is the risk of intradural penetration, preclinical studies should include intrathecal injection. Additionally, there is the potential for bone formation in the disc space and interbody fusion. This should not result in an adverse outcome for the patient because fusion ought to stabilize the motion segment, as well as relieve the pain. Side effects are dose-dependent; therefore, dose-response studies should also be performed to assess both efficacy and safety.
In summary, in vitro and in vivo animal studies on the use of growth factors to treat IVD degeneration have thus far met with success on structural modification. Growth factor injection therapy for treatment of IVD degeneration has great potential for patients with chronic discogenic low back pain. As with any new technology, thorough preclinical studies should be followed by well-designed clinical studies to accurately assess safety and efficacy.
